Abstract-We present here a new eddy-current compensation method. A mathematical model of eddy-current field is introduced to calculate first order eddy-current distorted non-uniform sampling trajectory in k-space. Based on the computed k-space trajectory, compensated image is reconstructed using the gridding method. In addition, the model of eddy-current field can also be used to calculate zero order eddy-current induced additional phase to correct the phase of MRI signal before gridding reconstruction, as long as such phase correction is able to further improve qualities of reconstructed image. Initial experiment on a 0.3T permanent MRI system demonstrates that the proposed method is able to reconstruct FSE (fast spin-echo) images of similar qualities as those produced by conventional gradient pre-emphasis method.
Time-varying gradient fields are essential for signal localization in MRI. Meanwhile, however, eddycurrent is induced in conducting structures around the gradient coils according to the Faraday's law of induction. In permanent MRI system, eddy-current is more severe than that in superconducting MRI system due to the ferromagnetic pole pieces which are attached on the main magnets to shim the main field. Eddy-current causes significant artifacts and distortions, and may seriously degrade the overall performance of MRI magnet.
The most effective way to reduce eddy-current is to use so called active shielding gradient coils which are designed to have minimum fringe fields. Turner and Bowley [1] first developed a method to design active gradient coils in a cylindrical geometry; Yoda [2] expanded the target field method of Turner from cylindrical to planar geometries. But these hardware design methods can not be 100% effective in practice; gradient pre-emphasis method is widely used to further compensate effect-current [3] . Duyn, Yang, and etc. [4] proposed a different way to correct eddy-current effects by measuring actual k-space trajectories in MRI, but this method is difficult to correct images acquired with conventional sequences, such as SE and FSE sequences.
In this paper, a new eddy-current compensation method is presented. Initial experiment on a 0.3T permanent MRI system demonstrates that the proposed method is able to reconstruct FSE (fast spin-echo) images of similar qualities as those produced by conventional gradient pre-emphasis method.
THEORY
SupposeB e (r, t) is the eddy-current field induced by gradient fieldḠ(t), and then the spatial dependence of eddy-current is described by a Taylor expansion:
where b 0 (t) is the zero order eddy-current which is spatially invariant like the main static field;ḡ(t) is the first order eddy current, the spatial dependence of which is similar to gradient field. High order eddy-current field is neglected. LetḠ(t) be the input of a linear system, b 0 (t) andḡ(t) be the outputs of the system, and e b0 (t) and e g (t) be the step response function of the system; then b 0 (t) and g(t) are given by:
where "⊗" denotes convolution; and e b0 (t) and e g (t) are given by a sum of decaying exponential functions:
When eddy-current exists, the MRI signal in 2D case can be written as:
where ρ(r) is the number of proton spins per unit volume in two dimensions; S(k e ) is MRI signal; γ is the gyromagnetic ratio; θ is the additional phase caused by zero order eddy-current; and k e is the first order eddy-current distorted k-space trajectory.
Once given parameters of eddy-current model, θ and k e can be respectively calculated by Eq. (5) and Eq. (6) . In the first step of the proposed eddy-current compensation method, based on the computed k-space trajectory k e , compensated image is reconstructed using the gridding method which is developed to reconstruct correct images from k-space data of arbitrary k-space trajectories. In addition, zero order eddy-current induced additional phase θ can be used to correct the phase of MRI signal before gridding reconstruction, as long as such phase correction is able to further improve qualities of reconstructed image.
In the process of gridding reconstruction, the MRI signal S(k e ) with non-uniform sampling is first convoluted with a gridding kernel C(k), and then is resampled to a uniform grid to produce resampled data S (k); secondly, a 2D inverse FFT reconstructs intermediate image I (r) from S (k); finally, correct image I(r) is generated by applying devolution in space domain to I (r). Calculation process described above is expressed by Eq. (7) to Eq. (9):
where k n denotes the coordinate of resampling grid in k-space; k e, j denotes the coordinate of sampling data; w(k e, j ) is sampling density weighting factor; c(r) is the Fourier pair of gridding kernel C(k).
3. METHOD
Eddy-current Measurement
The pulse sequence to measure eddy-current field is given in Figure 1 . A small phantom is placed in different places in the imaging volume. The time derivation of the phase of the FID signal indicates the decay of the eddy-current field. A group of FID signals with different delay time are detected to measure the decay in a time range of 0∼1 s. Eddy-current field decay curves at a group of points are collected; then curve-fitting is used to determine the parameters of eddy-current model. The eddy-current measurement experiment was performed on a 0.3T vertical permanent magnet interfaced to an MR Research Systems console (MR Research Systems, UK). The small phantom used in experiments was a column, 16 mm in diameter and 25 mm in length, which was full of specific solution with 3.6 g/L NaCl and l.25 g/L CuSO 4 . Duration time of gradient pulse was 200 ms; ramp time of gradient pulse was 0.5 ms; and measurement time range was 0∼1000 ms. For each direction of gradient field, measurement was performed at 6-7 points in that direction with a separation of 40 mm. The gradient pre-emphasis device of gradient amplifier in the channel of test gradient was disabled during the measurement.
θ and k e Computation
A computation program coded in the C language was developed to calculate zero order eddycurrent induced additional phase θ and the first order eddy-current distorted k-space trajectory k e . Besides computed parameters of eddy-current model, waveforms, amplitudes and timing diagrams of a given MRI sequence were input into the program in the form of parameter files; eddy-current field induced by each gradient lobe of the sequence was calculated by Eq. (2) and (3); then θ and k e were calculated by Eq. (5) and (6) . In addition, in the initial program, RF pulse was assumed ideally homogeneous, and the function of 180 • refocusing RF pulse was simply assumed to be changing the sign of accumulated phase of MRI signal. It typically takes 15 seconds to compute the θ and k e of a given sequence.
Gridding Reconstruction Parameters
The initial method used 2X grid to reduce aliased artifacts. Since the first order eddy-current distorted k-space trajectories has no specific geometrical shape, areas of Voronoi diagram which were first recommended by Rasche et al., [5] were used as sampling density weighting factors. The Voronoi diagram area computation program was coded by Matlab script language using integrated routine of Matlab to generating Voronoi diagram of given k-space trajectory.
Two often recommended gridding kernels were compared. The first one, recommended by Beatty et al. [6] , is a Kaiser-Bessel kernel with parameters as follows: width = 4 and β = 18.6389; the second one, recommended by Sarty et al. [7] , is a Gaussian kernel with parameters as follows: width = 5 and b = 0.5993. Experiment reported that the two kernel reconstructed images with trivial difference, so the former one was chosen for smaller width of gridding kernel and thus less computation time.
Simulation and MRI Experiment
The simulated images were computed by a 2D MRI simulator, which was developed to simulate eddy-current effects on MRI images by integrating eddy-current model into to the common Bloch equation [8] . Computed eddy-current parameters from measurement were used in the simulation program. A proton-density weighting image was selected as a virtual object for simulation. The image was downloaded from the website: http://www.bic.mni.mcgill.ca/brainweb/, which is an online interface to a 3D MRI simulated brain database [9] . Parameters of the downloaded image were slice thickness = 5 mm, noise (calculated relative to the brightest tissue) = 3%, intensity nonuniformity ("RF") = 40%. The sequence for simulation was an FSE sequence. Key parameters of the sequence were echo-train-length = 4, 256 × 384 matrix size, slice direction = y direction, frequency-encoding direction = x direction, phase encoding direction = z direction;
The imaging experiment was performed on the same MRI system as that used in eddy-current measurement. Images were acquired by an FSE sequence with the same parameters as those in simulation. Some extra acquiring parameters were TE = 35 ms, TR = 2000 ms, center echo index = 2, number of average = 2, FOV = 250 × 500 mm, slice thickness = 10 mm.
RESULTS
Computed parameters of eddy-current field are shown in Table 1 . In addition, Figure 2 shows measured eddy-current field curves and the differences between measured curves and the model predicted curves at points of z = 100 mm and z = −60 mm, demonstrating that the eddy-current model with computed parameters describes the real eddy-current field in good precision. results in Figure 3 demonstrate that the new eddy-current compensation method effectively reduces the artifacts and distortion caused by eddy-current. Experiment results in Figure 4 further strengthen the effectiveness of the proposed method. The image (c) reconstructed by proposed method when gradient pre-emphasis devices were disabled has similar qualities as the image (a) produced by conventional method.
CONCLUSION AND DISCUSSION
We presented a new eddy-current compensation method. Initial experiments demonstrate that the presented method is able to reconstruct the images obtained when gradient pre-emphasis devices were disabled of similar, if not slightly better, qualities than those produced by conventional gradient pre-emphasis method.
The major advantage of the presented method is that no extra gradient pre-emphasis device is needed, and thus could get rid of the time consuming pre-emphasis adjustment work and reduce costs. On the other hand, the major disadvantage of this method is that extra computation time is required. Despite the time of computing areas of Voronoi diagrams which can be pre-computed and stored, the presented method requires O (mN log mN + mN w) arithmetic operations versed by O(N log N ) of conventional reconstruction, where N is the total number of pixels of the image; m is the overgridding factor of gridding reconstruction; and w is the width of the convolution kernel. However with the development of high performance computation technology, the extra computation is becoming to be tolerable.
A possible merit of the presented method is that optimization process can be integrated into the method to self-adjust parameters of the eddy-current model which would make real-time eddycurrent compensation possible. The major problems will be how to design appropriate image quality evaluation function, and how to implement the optimization process fast.
